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THE ASSOGCTUATTON-1NDL
George Karrewan
Dzpariment of Physiolozy

School of Medicine
University of Pennsylvainia

The purpose of this reszarch is to study physiological 2xcitation on the
basis of the Association-Induction Hypothesis.l One aim of this investi-
gation is to derive theoretically the width of the electri.zl potential at
thz boundary of the inside and outside phases of a biologiczl cell. Another
aim is the theoretical derivation of Lhe reversal of that j;ostential during

excitation,

Introduction
Physiological excitation leads from a stisulus, such zs: an applied

electrical voltage or current, to the production of an action potential, if
tia stimulus strength is above a threshold valve, It has tz2n experimentally

fa e 42 . ‘o . . :
establistiad that excitability of living cells depends on thz presance of

. . . . . - . . 3
sodiun ions in the bathing wzdium. TIn addition, it has dzzx shoun” that
tne magnitude of the action potential depends on the exturn:? sodium
concentration, The action potential, which has opposites polarity of the
ucmbrane potential, is initiated by an influx of s.:iiun ilons into

. . . . 4
biologizal cells, followed by an efflux of potassium iocs . Hoeace, there

rostooan

is 2 switch in the preferenc: of cuells from potssium jons in rest to sodium

ions in excitation, This is explained on the basis of (uz Association-

Induction Hyputhesis by a chaape from specific adsorption »7 potassium ions

to protein sides in resting 2¢lls to specific adsorptios 7 <odium ions to
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the some protceir sites in exeitation. 1t has been ~7ara” that the changes
securing in the adsorbed potassium ions, in exechanz: for caleium Long, due to
a cationic stirulus, give the rigit order of magnitud= of the stimulus
threshold and explain experimental sublhreshold respoases. Derivation of
the space profile of the electrical phase boundary rotential at the cell
surface under certain simplifications (see below) has shown that the

effect ive width of that potential of the samz order as that of the cell
membrane determined experimentally., This had led to the interesting question
vhether the functional membrane is an electrical phase boundary layer instead
of the structured anatomical cell membrane.

Another fundamental aspect of the Association-Induction Ilypothesis is
the involvement of cooperative interactions in the specific adsorption of
ions and other biological substances at protein sites. As is well known from
physics, the essential feature of cooperative phenomnzna is (nearest) neighbor
interaction. On the basis of statistical mechanics a cooperative specific

. . . 7,8 . . .
adsorplion isotherm has been derived which agress wilh many experimental
9-11 ) . . . 1 . .
data « Thess cooperative Interacttions have also been studied stochas-—
tically irn goud agrcement with the above mentioned cooporative specific
. . 12 . . 13
adsorpt ton isotherm  as well as with experimental results ~,
The invoivemant of cooperat ive phenomena in physiological excitation has
. 14 . . 15,16
been found experimentally and studied theoretically . Another
. . . .17 . . . -
theoretical investigation  , on the basis of cooperative specific
. . . L. .. 18, .
adsorpt ton, takes into account the changes in specificities if protein
sttes for potassium or sodium depending on the desorption of the cardinal

. 1 . . o1 .

adeorbant calcium, adsorbed at a cardinal site , from such a site due to

a cathode as st imulus.

Also, water molecules can be specifically adsorbed at protein-sites and




19 . . . .
backbones ~. Tnis leads t eusembles of cooperatively interacling waler
.- - . . 19 . .
moleacnles which from polarized multiloyers ™, According to the Associc -
Induction Hepothesis this polarized wiater in cells excludes sodiun ione rom
. 19 .o . .
the intra-czllular space ~. Hence, the Associaltiovn-Induction Bypothes::

leads to the concept thal the inside of a cell has moure the characleris: .cs

of a solid (or semi=-solid) state rather than those of a free solution,

20
already concludsd long ago™ .

Description of Methods and Results

Derivation of the Spatial Profile of the Electrical Phase Boundarw

Potential
. . . . 6 .

The abova-mentioned theoretical investigaton of the profile of ths
electrical phase boundary was based on the study of the dependence of ti:
elecirical potential in the outside and inside of a system consisting cf two
phases which correspond to the extracellular and intracellular spaces of a
binlogicat czll, The extracellular space was assumed to contain only the
cations poatassiuv and sodium at their physivlogical concentrations as well as
an anion, for instance chloride, of which the concentration waes the sawz as
thiz potassium and sodium concentrations. 1t was assumed thaet the
phase vhich corrzsponds to the inside of the biological cell contained a
fiwad anion of appropriate concentration. For reasons of simplification, the
following assumptions were made: 1) the fixed anion is homogenously
distributed throvzhout the inside, 2) the fixed anions are not interconn--ted
as they are in protein, 3) the penctration of the wobile anioa in the o -~ide
phase is neglzcted, 4) the boundary was cunsidered so thin that there is -»
sur face chargs on it. The spatial profile of the electrical polential i-

. 6 . . . . .
determined by the Poisson equation according to which tha divergence of

the gradient »f the electrical potential is proportional to the
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space density fo the electrical charge. This charge depsity is deteiined by
the excess of the positive charge deasity over the negative charge dencity,
Though at the inside far from boundary the fixed negai ive lon charge cansity
is neutralized by the charge densitics of the positive ions (potassiv- and
sodium) there are in the inside, close to the surface, vacant negativ:

. . 21 . S
stdes, As has been pointed out before these vacanl sites, even if treir
concentration is too small to be determined chemically, play an essertial
role in the determination of the profile of the electrical potential. WUith
the appropriate boundary conditions expressing that there is no force st
large distances from the surface and electrical nzutrality at thuose distances
it is possible to find approximate analytical solutions of the (non-linzar)

. . . . . .6 .
differential equations for the electrical polential . From these sol:tions
it was found that the effective width of the electrical potential can 2 of
the same order of magnitude as that of the mambrane, as alrcady mention=d
above, indicating that the functional membrane is an electrical phase
brundary layer. Recognition of the inappropriateness of the assumplisz that
there is no charge at the surface in a more realistic model, equations have
. A . . . 6 . .
boen derived without that assumption. Proceeding as before it is fou-d
that the zqustion which determines the electrical potential is a non-iinear
integral-difierential equation which has to be solved with the appropriate
boundary conditions. The solution of this non-lincar integral-differ.otial
eguation is, which of course a difficult problem, is being investigate: =,
It is not much more difficult to relax the assumption of the impermerbility

. . . . 22 . .. . .
of the mobile arion into the inside phase . As the fixad anionic gitzs in
the inside phase are protein sites thelr interconnect ions have to be toven
into account explicitly. This leads to the study of the changes in ths
distributions of electronic charges inside the sidechains and backboun: of

proteins. Such a study has to be made on the basis of wave-mechanice,
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Egvn-mechanical Treatment of Chemical Induction

Cooperative specific adsorption phenomena are bascd on the mechanism of
. . ] . 23,24 . . .
ciremical inducl ton ,» which is the secoad aspect of the Assoctial ton-
-Induction Hypothesis. This induction mechanism is a wave mechanical

LI .
pbenomenon. As the basis of wave mechanics is the Schrodinger cquation, the
latter has to be solved to understand the induction phenomena. Very
L) B .

unfortunately, the Schrodinger equation can only be exaztly colved for very

simple systems, For problems involving electrons in real atomic (and

rolecular) systems only approximate solutions have been obtained.

.. . .y 26
Orginially, there were basically two different methods 2,26

, the V(alence)
B(ond) Method and the L(iner) C(ombination of) A(tomic) O(rbital) M(olccular)
0{orbital) Method which are not only different from cach other but also do
not give the solution corresponding to the experimental data. There are
s=veral extensions of thease method327, such as the sel{-consistent
Fertree-Fock methad, including configuration interaction and various degrees
of overlap of atomic orbitals. The recently developed methud28 of

Msrlacular Fragments which uses also Catastrophe Theory29 holds great

promisz and is being investigated fur application in this study. Thouglh the
separetion is somewhat arbitrary, electrons in moleculus have often been
dividaed into two kinds: mobile electrons and localized zlectruns. The mobile
getrons occur in molecules with double bunds, espacially those in
¢onjugeted systems, over which they spread casily. However, for the
irduction phenumana invalved in cuoperative interactions, the localized
elezirons are the most importanl as they propagate clectronic charpe chanpes
i a mlecule from one atoa to its neighbor, These localized electron charpe
changes have been studied by a theury especially developad tor those

localized eleclrnns30. This thcory has been applied to the study of the

c¢hiange in the electronic charges of linear polypeptides dun to the desorption

(O UR OIS . . SE,
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of a calciuvm ton as a consequence of an applied catiaiic fizld., Even if the

nunber of aminoccids 1s limited to the small nuxbar o7 five-for which, as

already stated above, the results of a stachastic treatnent agree with those

on the basis of statistical mechaaics (in which eseantially an infinite
nunber of amino acids is asswsed) - the pumber of ecuztions which has to be
solved is large (in fact, seventy-five in the just-uzaationad case of [ive
amino acids). The result of these computations is tnst the chanpe in

electronic charge distribution due to the desorpt ion of the cardiral

adsorbent calcium from the cardinal site does not prapagate much furtber thaoo

a few amino acids, The same result is obtained if this method is coubined
. 31 . .. .. .

with another method using explicit transmission fattors which decrease

with distance. This absence of sufficient far propszation of electronic

charge changes indicates that another important rach:znism is also involved.

As in many fundamental biological processes conformational changes of

14. These are due

proteins occur probably also in physiological excitation
to transformation of globularly extended peptide chains to helically coiled

. .19 . . .
pcptide chains ~ . Such counformational changes of exiendad peptide chains,

wvhich are interconnected by hydrogen bonded water molscules, can als be

139,31

stulied theoretically by the above-menticred meth: together with
other wave mechanical methods developed for the studs of electrans in
biopalymars. The specific adsorption of water molec:les at sites in
backbonzs of proteins have been studied taking ivts account their two and
throz dimensional structures for which computer procraas have been written,
Wien the results of the wave mechanical study will rave been obtained they
will bs used in these programs Lo obtai: the multilavared polarized water
nmolecules adsorbed at the protein sites mentioned alove,

Not only in physiological excitation but alsy in blood coagulation,

which is a beautiful exanple of regulatory phenowmena in biolopy cooperat ive

phenomana play a very important role. Interesting rzsults have recently boon

. 3 . .
obtatned 2 for this cascade mechanisn.
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